Background and objective: Lung hyperinflation and reduced bronchodilation to deep inspiration (DI) are features of chronic obstructive pulmonary disease (COPD). Hyperinflation might impair the ability of a DI to stretch airway smooth muscle (ASM), as the bronchi operate at a stiff region of the pressure-volume curve. Methods: Bronchial segments from pig lungs were mounted in an organ bath and equilibrated at either 5 cm H 2 O (control) or 20 cm H 2 O (hyperinflated) transmural pressure (P tm ). Cumulative dose-response curves to acetylcholine (ACh) were performed to determine maximal response (E max ) and sensitivity under static conditions (fixed P tm ) or during simulated breathing (Δ10 cm H 2 O P tm at 0.25 Hz). The effect of hyperinflation on ASM contraction was further examined in bronchial rings contracted at a short ASM length (reference length, L ref ) or stretched by an additional 30% (length 1.3 times the L ref , 1.3L ref ) . Results: Oscillatory loads halved E max from 61.0 AE 3.8 to 29.7 AE 4.4 cm H 2 O (P < 0.0001) in control bronchial segments, but only from 40.0 AE 2.5 to 31.2 AE 2.4 cm H 2 O (P < 0.05) in hyperinflated segments. The percentage reduction in active pressure with oscillation was less in hyperinflated compared with control segments (P < 0.01). Sensitivity was not altered by oscillation in either hyperinflated or control segments; however, hyperinflated segments were more sensitive (P < 0.05). The effect of inflation on sensitivity was confirmed using bronchial rings where stretched rings were more sensitive than unstretched rings (P < 0.01). Conclusion: Hyperinflated bronchi exhibit reduced bronchodilation to breathing and increased sensitivity to bronchoconstrictor stimuli. Findings suggest that hyperinflation may directly alter airway function by reducing the protective effects of DI and initiating contraction at low doses of contractile stimuli.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a prevalent respiratory disease and a source of considerable morbidity and mortality.
1,2 A pathophysiological feature of COPD is a reduced bronchodilatory response to deep inspiration (DI). 3, 4 A normal bronchodilatory response to DI is considered an important mechanism maintaining airway calibre and the absence of this response contributes to airflow limitation in obstructive disease. 3, 5, 6 Bronchodilation to DI is at least partly due to stretch of the airway smooth muscle (ASM) and a subsequent reduction in constrictor force. 7, 8 Consequently, any mechanism that reduces distension of the ASM layer during DI may reduce bronchodilation. For instance, attenuation of airway stretch due to loss of alveolar attachments reduces bronchodilation to DI. 9 An alternative possible mechanism that may reduce stretch of the ASM and therefore bronchodilation to DI is lung hyperinflation, commonly observed in subjects with COPD. 10, 11 Two principal mechanisms produce hyperinflation in obstructive disease: static and dynamic hyperinflation. Static hyperinflation is caused by a loss of elastic recoil pressure, which in turn elevates resting lung volumes. The more prevalent dynamic hyperinflation is caused by expiratory airflow 
SUMMARY AT A GLANCE
We investigated the effect of lung hyperinflation on mechanical properties of airways isolated from pig lungs. Findings suggest that hyperinflation impairs the bronchodilatory capacity of breathing and increases the sensitivity of the airway smooth muscle to contractile mediators, both of which may contribute to airflow limitation in obstructive disease.
limitation and results in gas trapping. [12] [13] [14] Dynamic hyperinflation theoretically shifts the airway to a stiffer region of the pressure-volume curve. That is, due to the non-linear pressure-volume relationship of the airway, 15, 16 as the lung and airway inflates the airway becomes stiffer and therefore more resistant to mechanical stretch produced by DI.
Previous studies demonstrate the importance of lung volume on airway compliance and the response to oscillatory load. Compliance of porcine airways at a transmural pressure (P tm ) corresponding to functional residual capacity (FRC, 5 cm H 2 O) is greater than under conditions of hyperinflation (25 cm H 2 O) and conversely less than when the airway is maintained under conditions mimicking deep exhalation (−5 cm H 2 O). 17 Harvey et al. 18 showed that deflation of bovine airways to a P tm of 1 cm H 2 O moved the airway towards a more compliant region of the pressurevolume curve and increased the bronchodilatory effect of pressure oscillation. As a reduction in the effective P tm at FRC increases the response to pressure oscillations, we reasoned that an elevated P tm during hyperinflation would impair bronchodilation to DI.
The present study compared the effect of breathing manoeuvres applied at 5 cm H 2 O (control) or 20 cm H 2 O (hyperinflated) P tm in porcine bronchial segments. Active pressure to acetylcholine (ACh) was measured under static conditions and during simulated breathing to assess bronchodilation. We hypothesized that hyperinflation would reduce the bronchodilator response to breathing.
METHODS
Additional details are provided in Appendices S1-S4 (Supplementary Information).
Animals
Castrated, white Landrace male pigs (~35 kg) were sedated and exsanguinated under sodium pentobarbitone anaesthesia (30 mg/kg). The lungs were removed and preserved on ice for dissection. Institutional Ethics Committee and Animal Care Unit approved all animal handling and experiments.
Airway preparation
The experimental set-up of the organ bath system used to study bronchial segments has previously been described. 19, 20 Bronchial segments (2.0-3.5 mm diameter;~40 mm in length) were dissected free from parenchyma and had all side-branches ligated. Segments were cannulated and placed horizontally in an organ bath filled with gassed (5% CO 2 : 95% O 2 ) and heated (37 C) Krebs solution (Fig. S1 , Supplementary Information). In separate experiments, porcine bronchial rings (2 mm diameter and length) were mounted in organ bath chambers of a DMT myograph system (Model 620M, Danish Myo Technology, Aarhus, Denmark; Fig.  S2 , Supplementary Information). Each bath was fitted with two mounting pins, one of which was connected to a micrometre that allowed the perimeter of the ring to be altered, and the second to a force transducer.
Bronchial segment protocol
Bronchi were equilibrated in the organ bath to either 5 cm H 2 O P tm (control) (n = 8) or 20 cm H 2 O (hyperinflated) (n = 10) P tm for~2 h which included a viability assessment. To assess the effects of inflation state (control vs hyperinflated) on contractile responses to simulated breathing, cumulative dose-response curves (DRC) to ACh (10 −7 to 10 −2 mol/L) were performed under static conditions and during volume oscillation (and therefore P tm ). Oscillation was achieved through the motorized movement of a syringe plunger that produced cyclical changes in lumen volume. 20 Volume oscillations were adjusted in both groups to produce a 10 cm H 2 O trough-to-peak change in pressure for the relaxed airway wall. That is, control bronchi were cycled from 5 to 15 cm H 2 O and hyperinflated bronchi were cycled from 20 to 30 cm H 2 O.
Recordings were performed in a closed system under isovolumetric conditions or during simulated breathing. Intraluminal pressure (and therefore P tm ) was measured by a calibrated transducer (Gould, model P23ID) and PowerLab data-acquisition system (ADInstruments, Bella Vista, Australia). Airway contraction (active pressure) to ACh was assessed from the increase in intraluminal pressure under isovolumic conditions or from changes in trough pressures during volume oscillation as previously described. 20 Stiffness was measured from the trough-to-peak pressure amplitude and the previously determined volume oscillation (i.e. cm H 2 O/μL).
Bronchial ring protocol
After mounting in the organ bath, bronchial rings were stretched to a pre-load of 0. 
Statistical analysis
Sigmoidal DRC were fit to both the pressure and force data to compute maximal response (E max ) and pD 2 (negative logarithm of dose producing half E max ). Twoway analysis of variance (ANOVA) compared E max and pD 2 (factor 1, inflation state; factor 2, oscillation) and stiffness (factor 1, inflation state; factor 2, dose) of bronchial segments. E max and pD 2 
RESULTS

Hyperinflation in bronchial segments
DRC for control (n = 8) and hyperinflated (n = 10) bronchial segments under static and oscillatory conditions are shown in Figure 1 , which were fitted with sigmoidal curves to determine E max and pD 2 (Fig. 2 ). E max in the hyperinflated segments was reduced under static conditions compared with control (P < 0.001). In contrast, there was an unexpected increase in pD 2 in hyperinflated segments compared with control (P < 0.05).
The response to breathing differed between control and hyperinflated bronchial segments. In control segments, oscillatory loads halved E max from 61.0 AE 3.8 to 29.7 AE 4.4 cm H 2 O (P < 0.0001) (Fig. 2) . In contrast, oscillation only reduced the E max of hyperinflated segments from 40.0 AE 2.5 to 31.2 AE 2.4 cm H 2 O (P < 0.001 interaction, P < 0.05). The mean decrease in active pressure with oscillation was reduced from 50.1 AE 7.2% in control segments to 22.4 AE 2.5% in the hyperinflated segments (P < 0.01).
Due to greater bronchodilation to oscillation in the control bronchial segments, differences in E max between control and hyperinflated segments observed under static conditions were abolished in the presence of oscillation. However, sensitivity was not altered by oscillation for either control or hyperinflated segments, and hence hyperinflated segments under oscillation were also more sensitive than control segments under oscillation (P < 0.05).
Airway wall stiffness was determined during oscillation in both groups in their relaxed and contracted state. In the relaxed state (prior to ACh), the stiffness in the control bronchial segments was considerably less (1.4 AE 0.3 cm H 2 O/μL) than in the hyperinflated segments (3.3 AE 0.4 cm H 2 O/μL) (P < 0.01, unpaired t-test). However, following contraction with ACh, there was a greater increase in stiffness in control compared with hyperinflated segments (interaction P < 0.01) (Fig. 3) . Mean stiffness calculated across the DRC (from relaxed state to maximal ACh dose) was however still less in control (4.2 AE 0.4 cm H 2 O/μL) compared with hyperinflated segments (5.8 AE 0.6 cm H 2 O/μL, P < 0.05).
Hyperinflation in bronchial rings
The increased sensitivity of hyperinflated bronchial segments described above suggests that changes in ASM length alter sensitivity. To provide supporting evidence of a change in sensitivity with hyperinflation, active force was measured in bronchial rings studied at L ref and after 30% stretch (1.3L ref ) (Fig. 4) 
DISCUSSION
This study used a bronchial tube model to show that hyperinflation inhibits the bronchodilation produced by simulated breathing. We propose that stiffening of the airway as a result of hyperinflation reduces distension of the ASM during breathing and in turn bronchodilation. Increased sensitivity to contractile activation after hyperinflation was also observed and along with reduced bronchodilation to breathing is expected to contribute to airflow limitation in obstructive disease.
Before discussing the implications of the present data to human health, methodological assumptions and limitations need to be considered. Bronchoconstrictor responses were examined in a single generation of a large airway which is a simplified model compared with integrated respiratory function in vivo. Moreover, the airway response to mechanical stress and/or strain in vivo is demonstrated by transient responses to DI. We chose to instead assess the effects of hyperinflation on bronchodilation to a continuous oscillatory protocol equivalent to an amplitude of twice a normal tidal breath. Previous studies have shown that when volume oscillation is held fixed to that producing a Δ5 cm H 2 O P tm in the relaxed airway, modest bronchodilation is observed 20, 21 but which is greatly increased when amplitude is raised to twice tidal (i.e. Δ10 cm H 2 O P tm ). 21 For this reason, oscillation was applied at an amplitude of twice tidal to produce a robust bronchodilator response, thereby allowing any effect of hyperinflation to be delineated. With respect to confirmatory studies using bronchial rings, the hyperinflated state corresponded to a length 30% greater than the control state, which is somewhat arbitrary. This amplitude of stretch was chosen as this is at the upper end of the expected change in ASM length with lung inflation (~20-25%) 22, 23 and therefore represented a maximal effect of ASM length change on sensitivity.
Bronchodilation to DI has been proposed as an innate mechanism maintaining airway patency. There is strong evidence that bronchodilation to respiratory manoeuvres is mediated by distension of the ASM. Length oscillation of isolated ASM reduces active force relative to static conditions 24 and in bronchial segments, bronchodilation to simulated DI is in proportion to the amplitude of ASM stretch. 25 An increase in airway stiffness in obstructive disease as a result of airway remodelling or enhanced muscle tone 26, 27 may therefore contribute to the loss of the beneficial response to DI by restricting transient increases in ASM length in response to fluctuations in P tm. 20 The present study suggests that mechanisms other than structural remodelling or muscle tone, notably lung hyperinflation, contribute to both an increase in airway stiffness and reduced bronchodilation to breathing manoeuvres.
It has been shown that reducing airway inflation below FRC increases the effectiveness of oscillatory loads at relaxing bronchi, 18 attributed to greater compliance of the deflated airway. The present study extended these findings by subjecting bronchi to oscillations mimicking breathing movements at an elevated FRC, such as that produced by dynamic hyperinflation. We suggest that the same phenomenon underlying increased response to oscillatory load at low lung volume also explains the reduced effectiveness of breathing in hyperinflated bronchi. That is, during normal breathing around 5 cm H 2 O P tm , the airways are more compliant, compared with higher distending pressures where there is pronounced stiffening 15, 20 and a lower volume oscillation and in turn amplitude of ASM stretch. As a result of the reduction in the amplitude of oscillatory ASM stretch in hyperinflated airways, the bronchodilatory effect of breathing is attenuated.
While in the relaxed state, hyperinflated bronchial segments were stiffer than control; much of the increased stiffness of hyperinflated bronchi was abolished when the tissues were contracted. Classical pressure-volume compliance curves 15 have typically been performed on relaxed bronchi. Fewer studies have measured compliance curves in contracted airways, although those that have demonstrate a similar non-linearity of the pressure-volume curves. 18, 28, 29 Contraction of the ASM increases airway stiffness particularly at low lung volumes. 30 We have previously shown that at high P tm (25 cm H 2 O) the effect of ASM contraction on increasing airway stiffness is diminished Figure 2 Maximal response (E max , A) and airway sensitivity (pD 2 (negative logarithm of dose producing half E max ), B) of control (transmural pressure (P tm ) = 5 cm H 2 O, n = 8) and hyperinflated (P tm = 20 cm H 2 O, n = 10) bronchial segments under static conditions and during volume oscillations simulating breathing. E max was greater in control compared with hyperinflated segments under static conditions. Oscillation reduced E max of both control and hyperinflated segments but by a greater extent in the control group (P < 0.001 interaction). pD 2 was increased in hyperinflated compared with control segments which was not altered by oscillation. *Significantly different from static (P < 0.05). #Significantly different from control (P < 0.05). , Static; , oscillation. compared with lower P tm (5 cm H 2 O), 17 indicating that there is interdependence between the loading of active and passive elements within the ASM layer. A greater effect of ASM contraction on airway stiffness at low P tm compared with high P tm likely explains the partial convergence of the stiffness curves between control and hyperinflated segments. On the surface, it may be surprising that hyperinflation suppressed breathinginduced bronchodilation of contracted bronchi when the stiffness became similar between hyperinflated and control bronchi after contraction. Importantly, the amplitude of volume oscillation was pre-set to the compliance of the relaxed airway and was not affected by the change in stiffness brought about by the addition of ACh. Nonetheless, the stiffness of the hyperinflated bronchi averaged over the course of the DRC was greater compared with control and findings are therefore physiologically relevant.
It has recently been shown that elongation of the ASM increases contractile capacity, 31 implicating lung hyperinflation as a potential mechanism producing airway hyperresponsiveness (AHR). Using ovine tracheal strips and human bronchial rings, Lee-Gosselin et al. 32 demonstrated that lengthening of the ASM increased both E max and sensitivity to bronchoconstrictor agonists, two primary characteristics of AHR. 33 Although the present study confirms an increase in airway sensitivity as a result of hyperinflation (discussed below), E max was attenuated in bronchial segments by hyperinflation and augmented in bronchial rings. These conflicting observations can be explained by the different loading conditions between airway preparations. In bronchial segments, P tm is directly controlled by altering luminal pressure and as such, changes in E max are more representative of how the airway behaves in vivo. In the porcine airway, increased P tm above 5 cm H 2 O reduces airway narrowing capacity and ASM tension calculated from active pressure and radius using the Laplace equation. 17 In comparison, bronchial rings were arbitrarily loaded with 0. Hyperinflated bronchi were more sensitive to contractile agonists compared with control, consistent with LeeGosselin et al., 32 who showed that longer tracheal strips were more sensitive. We further explored the effect of ASM length in bronchial rings and again observed an increase in ASM sensitivity with greater ASM length. Three different preparations (bronchial tubes and rings, and tracheal strips) have therefore been used to demonstrate an increase in airway sensitivity with inflation, suggesting it is a real phenomenon. Furthermore, increased sensitivity with hyperinflation was also observed using the oscillation protocol, indicating that these findings are relevant to the dynamic in vivo environment and are not impacted by transient airway stretch. The mechanism underlying the increase in sensitivity with inflation is unclear, but may involve various mechanotransduction pathways which modulate in ASM intracellular calcium concentration, 35 ATP release 36 and myosin phosphorylation and phosphatidylinositol turnover. 37 Finally, any association between lung hyperinflation and AHR is dependent on relative changes in airway sensitivity and E max which both characterize AHR, 38 as well as static opposed to dynamic airway properties. The results of LeeGosselin et al. 32 support an important role of hyperinflation in mediating AHR through changes in ASM force (E max and sensitivity), but this model does not consider possible changes in response to dynamic load associated with breathing. Our study, while also showing an increase in airway sensitivity with hyperinflation, supports a reduction in maximal airway response under static conditions. These differences were however abolished in the presence of simulated breathing as there was significant bronchodilation in the control but not in hyperinflated bronchi. The net effect of hyperinflation on maximal bronchoconstriction is therefore a balance between hyperinflationdependent increases in ASM force and reduced bronchodilation to breathing manoeuvres.
In summary, this study shows that physiologically relevant levels of hyperinflation blunts bronchodilation to simulated breathing and causes a length-dependent change in ASM sensitivity. We propose that hyperinflation stiffens the airway wall and reduces distension of the ASM during DI and therefore the pursuing bronchodilation and together with increased airway sensitivity contribute to airflow limitation in obstructive disease.
